ABSTRACT
INTRODUCTION
The overall goal of ITS (Intelligent Transportation Systems) is to help more traffic flow more smoothly and safely. A key component of ITS is collision avoidance. Reducing the incidence of collisions minimizes the personal injury and property damage losses caused directly by collisions, and it has the secondary benefit of lessening congestion by maintaining the availability of the lane or highway otherwise blocked by collisions. The Office of Collision Avoidance Research at the National Highway Traffic Safety Administration (NHTSA) has identified several classes of crashes, which are being studied separately: run-off-road, lane change and merge, rear-end, and signalized intersections. The focus of this paper is collision avoidance systems for runoff-road @OR) crashes, which are also referred to as single vehicle roadway departure (SVRD) crashes.
Run-off-road crashes represent the most serious crash problem within the national crash population.
Analysis of the 1992 NASS GES (National Accident Sampling System, General Estimates System) file indicated that approximately 1.2 1 million police-reported crashes of this type occurred in the US in that year [Calspan Corporation, 19941. This number represented 20 percent of all crashes in the GES database. More than 520,000 vehicle occupants were injured in run-off-road crashes in 1992, which is 27 percent of the injuries in the GES database. Moreover, the 14,03 1 fatalities sustained in run-off-road crashes (FARS, Fatal Accident Reporting System) represented 42 percent of the 33,846 in-vehicle fatalities that occurred in 1992 in the U.S. In terms of injury frequency and severity, run-off-road crashes are an extremely serious problem. Figure 1 indicates the hction of ROR crashes on both straight and curved roads caused by the six major factors: driver inattention (e.g., retrieving a fallen object), driver relinquished steering control (i.e,, heart attack or intoxication), excessive vehicle speed, evasive maneuver, loss of directional control on road surface (i.e., slippery surface due to rain or snow), and vehicle failure (e.g., tire blowout or loss The primary causes of Run-Off-Road crashes fall into six major categories [Calspan Corporation, 19941 of power steering). The driver's ability and willingness to perform the required task play a role in the majority of run-off-road crashes.
The purpose of a collision countermeasure system is to increase the driver's awareness of the situation. For example, the conventional countermeasure system to inform drivers of an approaching curve is the familiar diamond-shaped yellow sign, which might be accompanied by a suggested safe speed for the curve. The ITS counterpart would also inform the driver of the presence of the curve, but it would recommend a safe speed based on the vehicle's own handling characteristics, the current surface conditions of the curve (the weather), and possibly even the driver's own skills and preferences. The ITS countermeasure would take the additional step of warning the driver when the vehicle is approaching the curve too fast for a comfortable deceleration to the safe curve entry speed. This is an example of a loneitudinal countermeasure system, because it concerns acceleration along the vehicle's longitudinal axis.
Similarly, a lateral countermeasure system involves acceleration along the vehicle's lateral axis, and affects steering or lane-keeping. Drivers usually get information about their lane position by seeing road features such as the white and yellow stripes. An ITS countermeasure system would monitor the vehicle's position and heading within the lane. When it determines that the vehicle is in danger of departing the lane, it would warn the driver to pay more attention. Because a third of ROR crashes are due the driver's lack of vigilance toward the lane-keeping task, such a system could potentially save many lives.
Both lateral and longitudinal countermeasure systems for run-off-road crashes have been studied [Pape et al, 19951 , but only the lateral countermeasure systems are discussed in this paper.
MODELING APPROACH
Vehicle dynamics and the requirements of countermeasure systems were analyzed by a time-domain simulation. The authors developed a package named RORSIM (Run-Off-Road SIMulation) to simulate a vehicle with a driver assisted by Run-Off-Road countermeasure systems. RORSIM is an enhancement to VDANL (Vehicle Dynamic Analysis, Non-Linear), which is a generalpurpose rubber-tired vehicle simulation program [Allen et al 19921. VDANL provides the basic vehicle dynamics model for the simulation as well as the closed-loop driver model. Capabilities were added to VDANL to simulate some of the driver's actions (and inactions), model the performance of various proposed countermeasure systems, and provide representative roadways. scenario: a situation develops, it is sensed by the countermeasure system, the driver responds to the warning and regains safe control of the vehicle. When applied like this, RORSIM is useful for demonstrating whether a countermeasure system can successfidly prevent a run-off-road crash under the particular circumstances modeled.
representative mid-size sedan. Selected important properties of the vehicle are listed in Table 1 .
The RORSIM package can simulate a complete
The vehicle modeled in this study was a 1.94 
The basis of the driver model is a closed-loop steering control. Features were provided to model a human's tolerance of small errors, periods of inattention, and finite reaction times. As in the example of Carson and Wierwille [ 19781, adjustable thresholds were provided for errors in lane position and curvature error. Potential roadway departure situations were established by simulating a brief period of driver inattention to the driving task. Inattention was modeled by holding the driver's controls constant, independent of the vehicle's state.
DESCRIPTION OF THE COUNTERMEASURE SYSTEMS
Several countermeasure systems were modeled in RORSIM. Three systems designed to help the driver with lateral control (steering) are described in this paper.
The countermeasure systems have three basic components: (1) one or more sensors, (2) a decision making algorithm, and (3) an interface to the driver or vehicle. The sensor of each Countermeasure system is modeled explicitly in RORSIM. The program calculates what the output of the sensor would be, given the current dynamic state of the vehicle, the characteristics of the environment, and the properties of the sensor itself. The output of the sensor is then processed by a separate decisionmaking module, which performs whatever calculations or logic is specified by the system. When necessary, it will alert the driver to a potentially dangerous situation.
forward-looking vision sensor and a decisionmaking algorithm called Time to Trajectory Divergence (TTD) [Pomerleau et al, 19953 . This system notes the road position at a fixed distance ahead of the vehicle, calculates a trajectory to steer the vehicle to that position, and determines whether the driver's actual trajectory deviates significantly from the system's desired trajectory. The system also calculates the radius % of the vehicle's current curvature by measuring the yaw rate and forward speed of the vehicle V. The system then projects the time that will be required for the actual arc to diverge from the "optimum" arc by a predetennined distance D. This time is the t h e to Trajectory Divergence" or 7TD. The formula for TTI) is
V
If the TTD value falls below a predetennined threshold, the system wams the driver.
The second lateral countermeasure system considered uses a downward-or sideways-looking vision system and a decision-making algorithm called Time to Line Crossing (TLC). The system measures the distance to the edge line of the vehicle's lane and projects how soon the vehicle will cross the line, assuming the vehicle continues its present curvature. The concept of TLC dates at least as far back as the early 1980's [Godthelp et al, 19841. In RORSIM the sensor for the TLC system measures the distance from the vehicle's right front tire to the right edge of the lane. The distance from the left front tire to the left edge is calculated fiom the front track width of the vehicle and an assumed lane width.
The algorithm for calculating TLC is depicted in Figure 3 . The arc in the figure is the tire's projected trajectory, if its current radius of curvature remains constant. The time before the tire crosses the line is the ratio of the arc Iength to the speed along the arc:
where R = the current radius of curvature 8 = the angle swept by the radius before V = the longitudinal speed of the vehicle.
departure
The only measurement required is the distance d between the tire and the line. From this measurement (and its first two derivatives), the length of the arc can be calculated.
The algorithm implemented within RORSIM accounts for the fact that the vehicle may depart the lane to the left or right and its current curvature may be toward or away from the approached edge.
As a basis for comparison, an existing rumble strip system was modeled. The Sonic Nap Alert Pattern (SNAP) was developed and implemented by the Pennsylvania Turnpike Commission [Wood, 19943. It consists of a series of grooves cut into the shoulder of the turnpike, about 3 inches outside the white edge line. If an inattentive (or napping) driver drifts outside the lane, the grooves make a loud (80 dE3 in a sedan at 60 mph) sound, which quickly restores the driver's attention. SNAP was initially deployed in 3 1 miles of roadway where the incidence of ROR crashes was relatively high-0.5 1 per month. During a trial period, the ROR crash rate was only 0.16 per month. Comments fiom drivers have been favorable, and the pattern is being deployed along the entire turnpike. Other states and authorities also are adopting variations of the idea.
SIMULATION EXAMPLE
The simulation scenario consists of a vehicle beginning to traverse a road segment at a specified velocity, following the path of a normal, attentive driver. The driver becomes inattentive at the predetermined moment and eventually begins to head towards the edge of the lane. The countermeasure system warns the driver, who, after a predetermined reaction time, resumes steering control and tries to bring the vehicle back to its proper position in the lane. Figure 4 shows the trajectory of the vehicle controlled by the driver model as it travels at 88 f p s (60 mph) on a straight, crowned road. The paths of the vehicle center as well as the left front and right front tires are shown. The vehicle does not follow a perfectly straight line but meanders or wanders somewhat, to mimic the behavior of a human driver. A roadway departure trajectory can be generated by causing the driver to become inattentive to steering at a chosen point along the path.
As an example of countermeasure system performance, Figure 5 shows the path of the vehicle center of gravity for the normal case and one crash recovery case. The heavy lines in the figure indicate the paths of the center of gravity and the right fiont tire when a departure-bound driver is warned by a countermeasure system and then resumes steering control.
The maximum fiont tire deviation (either to the left or to the right) is the basis for judging the success of a simulation. The maximum tolerable lane violation, of course, depends strongly on the situation (i.e., whether there is a wide, paved shoulder, a guardrail, roadside obstructions, oncoming traffic, etc.). If the maximum fiont tire position in a simulation is 6.5 ft and the lane halfwidth is 6 A, success is qualified. However, in many cases, this outcome is more desirable than a simulation where an unwamed, inattentive driver led the tire to 10 or more ft fiom the lane center.
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RESULTS

X
The value of a countermeasure system is judged by its effectiveness in reducing the rate of run-offroad crashes. The potential effectiveness of the two proposed countermeasure systems was estimated by comparing their performance to that of an existing countermeasure system.
The analysis was carried out by simulating a variety of potential runsff-road scenarios. As indicated in Table 2 , there was a range of speeds on a 1000-ft-radius curve and a single speed (88 fps or 60 mph) on road segments of different curvature. The test suite comprised four crash-bound trajectories for each case identified in Table 2 . On each curved segment, the driver moved two feet toward the inside of the curve to simulate typical "curve cutting" behavior. The warning thresholds for the l T D and TLC functions were selected after simulating representative scenarios with pre-selected periods of driver inattention. The goal is to set the warning thresholds high enough to minimize the number of crashes but not so high that false alarms become a nuisance. In the simulations reported below, the warning thresholds were set to avoid false alarms during ''normal" driving, as determined by the RORSIM driver model and a human driver in an instrumented vehicle on a fieeway. The driver reaction time was set at 0.82 s, which is the approximate median value for healthy adults walaterre and Lecher, 19901.
The overall effectiveness of a system is indicated by the distribution of maximum tire positions in the situations in which the system was simulated. Figure 6 shows that the sensor-based systems are potentidly more effective than SNAP 
CONCLUSIONS
Analytical studies were performed to compare the performance of two proposed lateral Countermeasure systems to shoulder rumble strips, a passive countermeasure system that has been proven to be quite effective in actual use. significant reduction in run-off-road crashes during a test period. These strips, which are cut into the shoulder a few inches outside the edge line, provide an audible and compelling notice to the driver that a lane departure has occurred. Electronic Countermeasures, with the potential to warn a driver before a lane departure occurs, offer yet greater ability to help the driver with the lane-keeping task.
This feature is especially important on narrow rural highways. On a two-lane road with little or no shoulder and a truck in the oncoming lane, the consequences of even a small lane departure are particularly adverse.
However, this benefit may be offset by the difference in availability between SNAP and the electronic countermeasures. Once deployed, SNAP is always functional; it applies to nearly all vehicles, and the grooves make their noise even when filled with ice or snow. The performance of the electronic countermeasures is subject to degradation by environmental conditions, adverse sun angle, or other factors. Work currently in progress is showing that these issues can be addressed. 
